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Carotid endarterectomy impairs blood pressure
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baroreflex reserve
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Objective: To assess the impact of carotid endarterectomy on blood pressure homeostasis and baroreflex function, with
particular reference to the presence or absence of significant contralateral carotid artery disease, we conducted a
prospective study in 80 patients with symptomatic extracranial carotid disease undergoing carotid endarterectomy in a
regional teaching hospital over 2 years.
Methods: Patients were divided into two groups: the control group (n  37) had no significant contralateral carotid
disease; patients in the diseased group (n  23) had either >70% stenosis or occlusion of the contralateral carotid artery.
Seventeen patients with abnormal heart rhythms, poor quality recordings, or with intermediate degrees of contralateral
carotid stenosis were excluded. Three patients who had previously undergone contralateral carotid endarterectomy were
separately evaluated. Atheromatous plaque was removed from carotid lumen and the baroreflex mechanism received
direct intraoperative stimulation before and after carotid endarterectomy. The main outcome measures were (1) the
hemodynamic response to the carotid endarterectomy, baroreflex sensitivity, and operating set point (the resting blood
pressure, which the baroreflex mechanism maintains) before and after removal of the atheromatous plaque, and (2) the
responsiveness of the ipsilateral baroreceptor mechanism to direct stimulation. The impact of the presence of contralateral
carotid stenosis on these variables was also evaluated.
Results: Patients in the two groups were comparable for preoperative demographic, medication, and hemodynamic
variables. Carotid endarterectomy led to a rise in mean arterial pressure from 81.3 3.9 mmHg to 103.5 4.6 mmHg
(P < .00001) and from 87.6  4.3 mm Hg to 94.0  4.5 mm Hg (P < .003) in the diseased and control groups,
respectively. The magnitude of blood pressure response was significantly greater in the diseased group than in the control
group (P < .00001). This hypertensive shift was not accompanied by the expected fall in heart rate. Direct baroreflex
stimulation prior to carotid endarterectomy caused a significantly greater response in the diseased group, suggesting
sensitization of the ipsilateral carotid baroreceptor in the presence of contralateral carotid disease. Furthermore, the
baroreflex response was obliterated after endarterectomy. There were significant reductions in baroreflex sensitivity and
a hypertensive shift in the operating set point, the magnitude of which was significantly greater in patients with
contralateral carotid disease.
Conclusions: Carotid endarterectomy impairs blood pressure homeostasis through surgical destruction of the ipsilateral
carotid baroreflex mechanism. Patients with contralateral carotid stenosis have a reduced baroreflex reserve and show
greater baroreflex dysfunction and hemodynamic instability after endarterectomy. These patients are at greater risk of
postendarterectomy complications and should be monitored closely. ( J Vasc Surg 2005;41:631-7.)Carotid endarterectomy improves the cerebrovascular
prognosis of patients with significant carotid artery stenosis
by removing atherosclerosis from the carotid bifurcation
and the internal carotid artery.1,2 However, the carotid
arteries at this level also contain baroreceptors3 that are
central to the control of arterial blood pressure.4,5 The
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doi:10.1016/j.jvs.2005.01.009operation can cause collateral damage to the afferent path-
way of the baroreflex, which can lead to postendarterec-
tomy blood pressure instability.6-8
We have previously demonstrated that removal of the
atherosclerotic plaque from the carotid lumen is associated
with an immediate deterioration in the baroreflex response
of all patients.9 The likely cause of this baroreflex dysfunc-
tion is the stripping of the sensory nerve endings from the
lumen of the artery along with the atheroma.10 Given the
inevitability of ipsilateral intraluminal baroreceptor deaffer-
entation during the procedure, it is surprising that some
patients suffer little postoperative blood pressure instability
whereas others show significant changes in blood pressure
homeostasis. This places the latter group at significantly
greater risk of postoperative complications7,8,11,12 and may
worsen their long-term cardiovascular prognosis.13
As more than one site is involved in the baroreflex
control of systemic blood pressure (the carotid sinuses and
the aortic arch),3,4 it is possible that a physiologic barore-
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carotid baroreceptors can be accommodated by an increase
in the activity of the remaining intact baroreceptors that
maintain arterial blood pressure within the physiologic
range.
It follows that if the activity of any remaining mechano-
receptors is also impaired, such as may occur with severe
contralateral carotid disease,14,15 then the overall barore-
flex buffering capacity will be depleted, leading to a more
pronounced postendarterectomy baroreflex impairment
and a greater disturbance of blood pressure homeostasis. In
this study we prospectively tested the hypothesis that pa-
tients with high post-endarterectomy blood pressure insta-
bility have a reduced physiologic baroreflex reserve relative
to patients with low post-endarterectomy blood pressure
instability.
PATIENTS AND METHODS
Patients. With the approval of the local research ethics
committee and informed consent of the participants, 80
symptomatic patients undergoing elective carotid endarter-
ectomy for severe (70%) symptomatic carotid artery ste-
nosis, as measured by carotid angiography and calculated
based on the North American Symptomatic Carotid End-
arterectomy Trial (NASCET) criteria,2 took part in the
study.
We excluded 11 patients with abnormal heart rhythms
(atrial fibrillation or multiple ectopic beats) or with poor
quality recordings. Three patients had previously under-
gone carotid endarterectomy on the other side and were
analyzed separately. The remaining 66 patients were di-
vided into three categories based on the degree of con-
tralateral carotid artery stenosis, also determined using the
NASCET criteria.2
Patients with normal-to-mild (29%) contralateral ca-
rotid stenosis were placed in the control group, and patients
with severe (70%) or contralateral carotid occlusion were
assigned to the diseased group. Six patients with moderate
contralateral carotid stenosis (30% to 69%) were excluded
from further analysis. The choice of these categories was
based on the Medical Research Council (MRC) European
Carotid Surgery Trial classification of carotid lesions into
mild (29%), moderate (30% to 69%), and severe
(70%).1 The extent of contralateral carotid stenosis was
also determined from carotid angiography in all cases.
Anesthesia and surgery. High-volume surgeons and
anesthesiologists performed all operations under isoflurane
general anesthesia. The common, external, and internal
carotid arteries were carefully dissected to minimize dam-
age to carotid nerve fibers and an intraluminal shunt was
inserted in all cases to restore blood flow to the brain. After
removal of the atherosclerotic plaque (endarterectomy),
the arteriotomy was closed using a vein or Dacron (Du-
Pont) patch. No vasoactive or cardioactive drugs were used
during the operations.
Recordings. Blood pressure was recorded from an
intra-arterial (radial artery) catheter and transmitted
through a fluid-filled catheter connected to a transducercalibrated at the level of the heart. Heart rate was recorded
from the intraoperative electrocardiogram. Heart rate and
blood pressure were monitored continuously throughout
the operation in real time using theMedullaLab system and
were analyzed off-line using the VaguSoft software (both
MediFit Diagnostics Limited, London, UK).
Preoperative characteristics. Demographic andmed-
ication information were obtained from patient records.
The results of preoperative ultrasonography scans and ca-
rotid angiography were obtained from the hospital radiol-
ogy-reporting database. The preoperative hemodynamic
variables were obtained before the induction of anesthesia.
Hemodynamics. Two 5-minute time-locked seg-
ments of blood pressure and heart rate were selected for
each patient for further analysis. The pre-endarterectomy
segment was taken after incision and initial dissection but
before any surgical manipulation of the ipsilateral carotid
artery. The post-endarterectomy segment was obtained
after completion of the operation and restoration of blood
flow to the ipsilateral carotid artery. No pharmacologic or
surgical interventions were performed before or during
these periods. From these traces, standard hemodynamic
variables were extracted and averaged. The differential im-
pact of carotid endarterectomy between groups was as-
sessed by subtracting postendarterectomy variables from
the corresponding pre-endarterectomy values for each pa-
tient.
Intraluminal rub test. This test, in which the lumen
of the artery was rubbed with a sterile cotton bud to
stimulate the baroreceptors and to elicit a hypotensive
response, was used to directly assess the responsiveness of
the ipsilateral carotid baroreceptors before and after endar-
terectomy, as has previously been described.9 To standard-
ize the test as much as practicable within a clinical situation,
all surgeons used the same method of performing the test.
A standard make of pledget was grasped half way down in
the tips of an artery forceps. The surgeons were instructed
to identify the area of the carotid sinus at the carotid
bifurcation and to perform 10 firm strokes across the lumen
of the artery at a rate of 1 stroke per second. The same
surgeon performed the test before and after removal of the
plaque, and the surgeons were observed by one of the
investigators to ensure the test was performed in a compa-
rable manner on each occasion.
The magnitude of the hypotensive response was ob-
tained by subtracting the average blood pressure for 30
seconds immediately after the rub test from the prevailing
BP for 30 seconds immediately before the test. The first rub
test was performed after arteriotomy but with the athero-
matous plaque still in situ. The second rub test was per-
formed after the plaque was removed (endarterectomy).
No surgical or pharmacologic interventions were per-
formed before or during these periods.
Baroreflex sensitivity and operating set point.
Baroreflex sensitivity is a physiologic measure of the
ability of the cardiovascular system to buffer changes in
blood pressure, defined as changes in heart rate (ex-
pressed as the RR interval) in response to changes in
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blood pressure, which the baroreflex mechanism main-
tains.16 Baroreflex sensitivity was calculated in real time
from a cross-spectral analysis of the arterial blood pres-
sure and heart rate variability at a 2-Hz sampling fre-
quency, as previously reported.17 Peak spontaneous
baroreflex sensitivity was calculated as baroreflex sensi-
tivity in the 90th centile, and the baroreflex set point was
calculated as the average systolic blood pressure corre-
sponding to peak spontaneous baroreflex sensitivity.
Data analysis. The Anderson-Darling test was used to
assess the pattern of distribution of the data. This test
confirms whether or not data are normally distributed and,
therefore, whether parametric or nonparametric statistics
are appropriate for analysis. Demographic data were com-
pared using the 2 test. The two-tailed Student t test and
two-way analysis of variance (ANOVA) were used to com-
pare hemodynamic and baroreflex data within and between
groups. Significant differences were isolated with the post
hoc Tukey test. Analysis was performed using Minitab
release 13.2 for Windows (Minitab Inc, State College, Pa)
and illustrated using Microcal Origin version 6.0 for Win-
dows (Microcal Software Inc., Northampton, Mass). Val-
ues were expressed as means  SE, and P  .05 was
considered statistically significant.
RESULTS
Patient characteristics. The Table lists the preopera-
tive characteristics of the two groups of patients, indicating
that the groups were statistically comparable in terms of
demographic variables, preoperative medications, and basal
cardiovascular function.
Hemodynamic response. Carotid endarterectomy
caused a significant acute elevation in blood pressure, ac-
companied by little change in heart rate, indicating barore-
flex dysfunction. This significant hypertensive response oc-
curred in both control and diseased groups. In the diseased
group, mean arterial pressure rose from 81.3 3.9 mmHg
pre-endarterectomy to 103.5  4.6 mm Hg postendarter-
ectomy (P  .00001; Student two-tailed t test for paired
data) and in the control group from 87.6  4.3 mm Hg
pre-endarterectomy to 94.0 4.5 mmHg postendarterec-
tomy (P  .003) (Fig 1).
The magnitude of the increment in arterial blood pres-
sure was significantly greater in patients with diseased con-
tralateral carotid arteries compared with control patients
with normal contralateral carotid arteries (Student two-
tailed t test for unpaired data) (Fig 2). Fifteen patients in
the diseased group and 6 in the control groups had a
postendarterectomy rise in mean arterial pressure10 mm
Hg (15/23 vs 6/37; P  .0002; Fisher exact test; relative
risk, 4.0; 95% confidence interval, 1.8 to 8.9).
Intraluminal rub test. Fig 3 shows the response of
patients to the rub test before and after endarterectomy.
Before carotid endarterectomy, the rub test elicited a hy-
potensive response in patients with diseased contralateral
arteries (systolic blood pressure fell from 146.1  5.8 mm
Hg to 139.7  6.3 mm Hg; P  .004; Student two-tailedt test for paired data) relative to control patients (systolic
blood pressure 145.4  6.4 mm Hg pre-endarterectomy
and 145.0  5.9 mm Hg post-endarterectomy; P  .7)
(Fig 3, A). After carotid endarterectomy, the significant
hypotensive response was absent in the diseased group and
blood pressure tended to increase, although this positive
change fell short of statistical significance (Fig 3, B).
Two-way ANOVA with post-hoc Tukey test for all
pair-wise comparisons confirmed that endarterectomy was
associated with a significant change in the response to the
rub test (P  .001), and there was a differential response
between control patients with normal contralateral carotid
arteries and those with diseased contralateral carotid arter-
ies (P  .003).
Baroreflex operating set point and sensitivity.
Before endarterectomy, the baroreflex mechanism in both
groups operated at around the same blood pressure range
(P  .2). Carotid endarterectomy caused an acute increase
in the operating set point of the baroreflex mechanism (P
.001) (Fig 4, A), and the magnitude of this shift was
significantly greater in patients with contralateral carotid
stenosis (P  .05; two-way ANOVA with post hoc Tukey
test). Endarterectomy also caused an acute reduction in
peak spontaneous baroreflex sensitivity in both groups,
from 9.4  2.0 milliseconds mm Hg–1 to 5.2  1.1
milliseconds mmHg–1 in the diseased group, and from 8.0
 1.0milliseconds mmHg–1 to 4.9 0.8milliseconds mm
Hg–1 in the normal group. It led to a significant deteriora-
tion in baroreflex sensitivity overall (P .003), with a trend
Table I. Preoperative patient characteristics
Control group* Diseased group*
Demographics
Number of patients 37 23
Age (years  SD) 68.8  8.3 67.5  8.9
Male sex 68% 70%
Diabetes 29% 32%
Hypertension 71% 78%
Cardiac history 26% 45%
Angina 8% 26%
Smoker 68% 85%
Preoperative cardiovascular
medications
Aspirin 100% 100%
Nitrate 3% 14%
-blockers 21% 41%
Ca2-channel
antagonists
30% 13%
ACE-inhibitors 30% 41%
Diuretics 25% 22%
Pre-endarterectomy
hemodynamic
variables
Systolic BP (mm Hg) 131.8  4.8 126.8  4.7
Diastolic BP (SE) 65.4  4.2 58.5  4.3
Hear rate (s–1) 63.8  1.8 65.4  2.8
RR interval (ms) 1009  27 993  32
ACE, Angiotensin-converting enzyme; BP, blood pressure.
*P value for data was not significanttoward a greater reduction in sensitivity in patients with
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outside statistical significance (P  .6, but power  0.05,
two-way ANOVA with post hoc Tukey test) (Fig 4 B).
Staged carotid endarterectomy. Some of the greater
blood pressure disturbances were observed in patients with
a previous contralateral carotid endarterectomy, with sys-
tolic BP increasing from 137.7 20.9 to 193.6 15.9mm
Hg (P  .009; Student two-tailed t test for paired data),
accompanied by a paradoxical—although statistically non-
significant—increase in heart rate from 63.0  6.1 to 73.0
 4.3 (P  .1, Student two-tailed t test for paired data).
The small sample size (n 3) limits the inferences that can
Fig 1. The overall hemodynamic response to carotid endarterec-
tomy in diseased (n 23) and control (n 37) groups. Results are
mean  SE. BP, Blood pressure;HR, heart rate. Results are mean
 SE.
Fig 2. Differential response blood pressure (BP) and heart rate of
patients with normal (control, n  37) and diseased (n  23)
contralateral carotid artery to carotid endarterectomy. Results are
mean  SE.be drawn from these observations, however.DISCUSSION
The data in this study showed that carotid endarterec-
tomy caused an acute hemodynamic disturbance in all
patients, but its impact was significantly greater in those
patients with contralateral carotid artery stenosis.
It is an established principle of homeostasis that when
several sites or mechanisms are involved in the control of
the same variable—blood pressure in this case—deletion of
one control site is compensated by an increase in the activity
of the others to maintain the variable of interest within the
physiologic range. A well-studied example is the control of
balance by the vestibulocochlear system: acute unilateral
destruction of the labyrinthine mechanism leads to severe
vertigo, but this quickly disappears over a few days by an
increase in the gain of the contralateral side to restore
balance.18 Evidence from animal models is that this com-
pensation phenomenon occurs after carotid barodenerva-
Fig 3. A, Intraluminal rub test before carotid endarterectomy led to
a significant hypotensive response in patients with diseased contralat-
eral carotid artery (n 23) but not in patients with normal (control,
n  37) contralateral carotid. B, This response was obliterated after
carotid endarterectomy. Results are mean SE.tion, as reasonable blood pressure control can be main-
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animals undergoing experimental barodenervation, but de-
letion of multiple sites leads to significant blood pressure
fluctuations.19,20
In animal models of barodenervation, the two carotid
and the aortic baroreceptors are sequentially denervated,
and the cumulative impact of the removal of each baroreflex
control site is studied.19,21 This methodology is highly
unsuitable for studying the baroreflex mechanism in hu-
mans. Instead, we studied the differential response to ca-
rotid endarterectomy of patients with either normal or
severe stenosis or occlusion of the contralateral carotid
arteries, as severe carotid atherosclerosis and carotid occlu-
sion are known to reduce or obliterate the baroreflex re-
sponse from the affected baroreceptor.14,15,22
Performing carotid endarterectomy in patients with
Fig 4. A, Carotid endarterectomy led to a significant hyperten-
sive resetting of the baroreflex operating set point, more signifi-
cantly affecting patients with contralateral carotid artery disease.B,
Peak spontaneous baroreflex sensitivity was significantly reduced in
both groups after carotid endarterectomy, but the difference be-
tween the two groups did not reach statistical significance (dis-
eased, n  23; control, n  37). Results are mean  SE.normal contralateral carotid arteries therefore represents a“first site” barodenervation, whereas carotid endarterec-
tomy in the presence of contralateral disease represents a
“second site” barodenervation. The results of the study
show that whereas carotid endarterectomy led to a signifi-
cant hypertensive response in patients with a normal con-
tralateral carotid artery—first site barodenervation—the
magnitude of this hypertensive shift was significantly
greater in patients with diseased contralateral carotid arter-
ies—second site barodenervation. Therefore, these data
obtained in human patients are in concordance with those
from experimental animal models of barodenervation and
support the hypothesis tested in this study.19,21,23
Acute deletion of one baroreceptor has been directly
shown to increase the activity of the contralateral carotid
baroreceptor in dogs.24 It may be hypothesized that
chronic contralateral carotid stenosis could lead to a com-
pensatory increase in the activity of the ipsilateral barore-
ceptor in humans, the surgical destruction of which can
then lead to greater hemodynamic instability after carotid
endarterectomy in patients with contralateral carotid steno-
sis compared with those with normal contralateral carotids.
Recording nerve impulses from both carotid barore-
ceptors is technically very difficult in humans and requires
bilateral neck incisions, a proposition that is unethical in
patients undergoing carotid surgery. Instead, we used the
novel intraluminal rub test to address this specific question.
This test involves direct intraoperative stimulation of the
lumen of the operated carotid artery. The stretch stimulates
the mechanoreceptor-mediated baroreflex mechanism,
leading to a withdrawal of sympathetic outflow and a
hypotensive response.9
This additional study was based on the hypothesis that
in patients with unilateral carotid stenosis, such as those the
control group, a significant proportion of the baroreflex
function of the stenosed carotid sinus will have been taken
over by an increase in the gain of the normal contralateral
carotid sinus.23 Intraluminal stimulation of the stenosed
baroreceptor would therefore have a small impact on the
overall hemodynamics in these patients. In contrast, both
baroreceptors would continue to contribute to the overall
baroreflex function in patients with bilateral carotid steno-
sis, such as those in the diseased group.
Intraluminal stimulation of the ipsilateral baroreceptor
mechanism in the presence of contralateral disease would
therefore have a significantly greater impact on hemody-
namics compared to patients with unilateral carotid disease.
After endarterectomy however, the ipsilateral baroreceptor
mechanism would be deleted and further rub tests would
have little effect on hemodynamics in either group. The
results confirmed this in patients with diseased contralateral
carotid arteries. Furthermore, repeating the rub test after
carotid endarterectomy obliterated this response, provid-
ing further evidence for acute destruction of the baroreflex
mechanism after removal of the atherosclerotic plaque.
Carotid endarterectomy led to an acute and significant
deterioration in baroreflex sensitivity in both groups of
patients and an acute hypertensive resetting of the barore-
flex operating set point. The magnitude of the increment in
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tralateral carotid stenosis, suggesting a greater depletion of
the baroreflex reserve in this group and a more pronounced
dysfunction in blood pressure homeostasis.
Although the impact of carotid endarterectomy is more
pronounced in patients with contralateral carotid stenosis,
it is crucial to note that barodenervation occurs in all
patients, including those with a normal contralateral ca-
rotid artery. It is known that even small changes in barore-
flex sensitivity could significantly impair the ability of the
system to respond to blood pressure challenges.25
Evidence is accumulating to suggest that in addition to
its recognized role in the short-term control of blood
pressure, particularly in response to alerting stimuli,5,26 the
baroreflex mechanism is intimately involved in long-term
control of blood pressure also: carotid barodenervation
leads to a more long-lasting effect on blood pressure con-
trols in upstanding primates.23 In addition, studies of pa-
tients after carotid body tumor resection suggest that the
impact of removing the carotid baroreflex mechanism is
long-term in human subjects.27,28
Baroreflex insufficiency impairs sodium homeostasis,
predisposing patients to salt-sensitive hypertension, irre-
spective of the level of blood pressure or blood pressure
variability.29 Barodenervation has also been shown in ani-
mal studies, despite post-denervation maintenance of
short-term blood pressure control, to cause vascular re-
modeling, ventricular hypertrophy and renal damage, and
to increase cardiovascular mortality.30-32
There is also evidence from human studies that barore-
flex dysfunction is associated with increased cardiovascular
morbidity and mortality. Farrel et al33 found that baroreflex
dysfunction after myocardial infarction was a significant
independent risk factor for the development of malignant
cardiac arrhythmias and sudden cardiac death. Hirschl et
al13 found that in patients undergoing carotid endarterec-
tomy, occurrence of postoperative baroreflex dysfunction
and blood pressure instability was associated with a 3.3
times higher, statistically significant risk of developing ma-
jor cardiovascular complications, and an eightfold elevated
risk of cardiovascular mortality in the 5 years after the
operation.
These observations have important consequences for
the care of patients with extracranial carotid disease. Ca-
rotid endarterectomy is highly effective for reducing the
risk of embolic strokes from carotid stenosis.1,2 However,
given that baroreflex dysfunction is increasingly considered
as an independent cardiovascular risk factor,13,30-34 the
operation has the potential to deleteriously modify the
overall cardiovascular risk profile of the patient in the
longer term.
In this context, it is important to risk-stratify patients
for postoperative hemodynamic instability so that high-risk
patients can be more closely monitored to reduce the
likelihood of early complications. This study identifies con-
tralateral carotid stenosis as a risk factor, but other influ-
ences such as age, neck irradiation, and staged carotid
endarterectomy are also known risk factors.35-37 It is alsoimportant to accurately determine the impact of post-
endarterectomy baroreflex impairment on long-term car-
diovascular risk through longitudinal studies, to allow a
better risk-benefit analysis to be performed before offering
the surgery, and to allow potentially disease-modifying
treatments to be instituted postoperatively. Recent animal
studies have shown that barodenervation-induced end-
organ damage can be reduced with candesartan therapy,30
and a similar treatment strategy could have the potential to
prognostically benefit patients after carotid endarterectomy
also.
In conclusion, this study demonstrates the presence of
a physiologic baroreceptor reserve in humans and the
greater impairment of post-endarterectomy blood pressure
control in the presence of contralateral carotid disease,
likely to be mediated by the intraluminal deletion of a
sensitized ipsilateral baroreceptor during carotid endarter-
ectomy.
Further human studies are needed to characterize the
extent and nature of endarterectomy-induced barodener-
vation, to identify and stratify risk factors predisposing to
postoperative blood pressure instability, to quantify the
impact of baroreflex dysfunction on the long-term cardio-
vascular risk, and to identify the neuroendocrine mecha-
nisms responsible for the increase in cardiovascular morbid-
ity and mortality associated with barodenervation. These
will allow us to better identify at-risk patients preopera-
tively, to offer surgery within the context of the patient’s
overall cardiovascular risk profile, and to institute poten-
tially disease-modifying treatments in the postoperative
period.
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